INTRODUCTION
============

Skeletal muscle, comprising about 40% of our body mass, is the most abundant tissue and a major metabolic organ in humans ([@b1-bmb-52-064]). Imbalances of protein homeostasis, more protein degradation than corresponding synthesis with aging, lead to skeletal muscle loss, or sarcopenia ([@b2-bmb-52-064], [@b3-bmb-52-064]). Therefore, skeletal muscle needs an efficient process for recycling damaged or aged organelles to meet the energy demands of the body ([Fig. 1](#f1-bmb-52-064){ref-type="fig"}). Protein degradation in skeletal muscle is controlled by two proteolytic systems, the ubiquitin proteasome and the autophagy lysosome. Autophagy is vital for breaking down lysosomal nutrient stores in order to reconstruct cellular architecture using damaged cellular components. The restriction of amino acids has been shown to induce an activation of autophagy and proteolysis in C2C12 myotubes, through an mTOR-independent signaling pathway ([@b4-bmb-52-064]). Autophagy activation by nutrient starvation has been observed in gastrocnemius, extensor digitorum longus, and soleus muscles using transgenic mice expressing GFP fused to microtubule-associated protein 1 light chain 3 (GFP-LC3) ([@b5-bmb-52-064]). LC3 is also overexpressed in muscle atrophy states, such as cachexia, diabetes, and fasting ([@b6-bmb-52-064]). Although both excessive and defective autophagy are highly correlated with the loss of skeletal muscle ([@b7-bmb-52-064]), autophagy was first considered to be a negative regulator of myogenesis via proteolytic process enhancing loss of muscle mass.

Suppression of the PI3K-Akt signaling pathway in mice muscles by fasting activated autophagy through two processes, reduction of mTOR and activation of FOXO3 ([@b8-bmb-52-064]). Additionally, autophagy was negatively regulated by the expression of death-associated protein 1 (DAP1), a novel substrate of mTOR ([@b9-bmb-52-064]). Overexpression of DAP1 augmented creatine kinase activity, myoblast fusion, and myotube diameters, while knockdown expression significantly suppressed them during differentiation in chicken satellite cells ([@b10-bmb-52-064]). Many studies have shown that autophagy activation has a critical role in muscle performance. This review highlights the involvements of autophagy activation in muscle regeneration by the differentiation of satellite cells and in various exercise training regimens, such as resistance, endurance, and habitual exercise to increase muscle performance.

AUTOPHAGY IN GENERAL
====================

Autophagy has been widely implicated in many pathophysiological processes, including cancer, metabolic disorders, and neurodegenerative diseases, as well as muscle dystrophy. It also plays an important role in aging and exercise ([@b11-bmb-52-064]). Autophagy is a protective mechanism that allows cells to survive in response to nutritional deprivation or intracellular pathogens, and is well conserved in organisms ranging from yeast to mammals ([@b12-bmb-52-064]). Autophagy is active, even at basal levels in most cell types where it is postulated to play a housekeeping role in maintaining the integrity of intracellular organelles ([@b13-bmb-52-064]). Recent studies have shown that the key role of autophagy is to keep cells alive under stressful conditions. There are three defined types of autophagy, macroautophagy, microautophagy, and chaperone-mediated autophagy, all of which promote proteolytic degradation of cytosolic components at the lysosome. Here, macroautophagy is referred to as autophagy.

To maintain nutrient and energy homeostasis, regulation of autophagy formation is tightly controlled. The process of autophagy begins with an expanding membrane structure known as phagophore, which leads to formation of a double-membrane vesicle, called an autophagosome. Autophagosomes are subsequently fused with lysosomes, in which the autophagosome is degraded, and the resulting molecules are used in the recycling process.

Two complexes containing the class III phosphatidylinositol 3-kinase (PI3K) and vacuolar protein sorting 34 (Vps34) or a serine/threonine kinase autophagy-related gene 1 (Atg1) and unc-51-like kinase 1 (Ulk1) are known to initiate autophagosome formation. Starving inactivates the mammalian target of rapamycin complex 1 (mTORC1), so AMP-activated kinase (AMPK) phosphorylates Ulk1 at Ser317 and Ser777 ([@b14-bmb-52-064]). AMPK also inhibits mTORC1 directly by two mechanisms, phosphorylation of TSC2 and Raptor ([@b15-bmb-52-064], [@b16-bmb-52-064]). On the other hand, under nutrient-rich conditions, mTORC1 phosphorylates Ulk1 at Ser757, to inhibit autophagy initiation ([Fig. 2](#f2-bmb-52-064){ref-type="fig"}).

AUTOPHAGY IN SATELLITE CELL DIFFERENTIATION
===========================================

Recently, many studies have reported that autophagy preserves muscle mass, as well as functionally enhancing muscle strength. Muscle stem cells, called satellite cells, in adult muscles can also provide new myofibers in the damaged area ([@b17-bmb-52-064]). Autophagy occurring by the activation of satellite cells in response to muscle injury has been reported to contribute to the early compensatory regenerations of dystrophic muscles ([@b18-bmb-52-064]). Autophagy has also been induced during satellite cell transition from quiescence to activation. Blocking of autophagy prevents satellite cell activation, suggesting that autophagy might support subcellular organelles required during satellite cell activation ([@b19-bmb-52-064]). They reside in a quiescent state between the basal lamina and the sarcolemma of muscle fibers, where they proliferate and differentiate via asymmetric divisions to become muscle fibers. Autophagy also has been involved in mitochondrial biogenesis and myotube fusion in the early and late stage of differentiation. Dysregulation of autophagic flux by pharmacological and genetic interferences suppresses the degradation of mitochondria immediately after differentiation ([@b20-bmb-52-064]). The reduced fusion index by the downregulation of beclin 1, an activator of Vps34, suggests that autophagy is necessary for myotube fusion in the last stages of differentiation ([@b21-bmb-52-064]).

A recent study on sarcopenia reported that dysregulation of CDKN2A/p16(INK4a) caused satellite cells to lose the ability to maintain a reversible quiescent state ([@b22-bmb-52-064]). Stress, such as a loss of proteostasis, an increase in oxidative stress, and mitochondrial impairment have been shown to induce senescence in aged satellite cells with dysfunctional autophagy, as well in as young cells with genetically defective autophagy, leading to a decrease in number and function of the satellite cells ([@b23-bmb-52-064]). Autophagy also could be a critical regulator of stem cell fate in sarcopenia, reversing satellite cell senescence and restoring regeneration activity. The functions of autophagy have been extended to removal of defective and excessive proteins or organelles, indicating that autophagy is able to control molecular activities essential for stem cell differentiation ([@b24-bmb-52-064], [@b25-bmb-52-064]).

AUTOPHAGY IN SKELETAL MUSCLE HOMEOSTASIS
========================================

The positive roles of autophagy have been described as maintenance of muscle mass and strengthening of muscle fibers regenerated from satellite cells. Exercise has been implicated in the regulation of autophagy in many tissues, but skeletal muscle has been the main focus. It is thought that increased activation of the AMPK pathway and its downstream effector, ULK1 induces autophagy flux in human skeletal muscle during exercise. This process depends on the intensity of exercise, rather than the nutritional state ([@b26-bmb-52-064]). Autophagy is required for muscle integrity. Muscle-specific *Atg7*-null mice display muscle wasting caused by impairment of force transmission, accumulation of dysfunctional mitochondria, and formation of aberrant concentric membranous structures ([@b1-bmb-52-064]). Collagen VI-knockout mice (*Col6a1*^−/−^) have muscular dystrophy, with dysfunctional mitochondria and spontaneous apoptosis in skeletal muscle, which are associated with the down-regulation of beclin-1 and Bnip3, and the decrease of autophagosomes ([@b27-bmb-52-064]). In this model, restoration of autophagy by transfection of beclin-1 construct, low-protein diet, or treatment of rapamycin ameliorated the pathological phenotypes. Long-term voluntary exercise caused myofiber damage in autophagy-defective mutant mice (*Col6a1*^−/−^), but not in wild type mice ([@b28-bmb-52-064]). This finding suggests that autophagy activation contributes to the maintenance of skeletal muscle homeostasis during physical activity ([Fig. 2](#f2-bmb-52-064){ref-type="fig"}).

Autophagy however, is not involved in skeletal muscle contraction in inducible muscle-specific *atg7* knockout mice when autophagy is inhibited just before treadmill exercise to minimize the chance of muscle adaptation and compensation ([@b29-bmb-52-064]). Of interest, fiber-type shifting from type IIX to IIA in plantaris and gastrocnemius muscles after 5 months of habitual exercise indicated that muscle adaptation is associated with increased expression of LC3-II ([@b30-bmb-52-064]).

AUTOPHAGY IN EXERCISE EFFECT
============================

AMPKα2 knockout mice and autophagy inhibitor 3-methyladenine have been used to show that acute or chronic exercise activates autophagy ([@b31-bmb-52-064]). Exercise-induced phosphorylation of AMPK mediates autophagy activation, which may contribute to beneficial metabolic effects, such as enhanced glucose uptake in skeletal muscle. Voluntary wheel-running exercises for 5 weeks showed greater increases in skeletal muscle basal autophagy flux, expressions of autophagy proteins, mitochondrial biogenesis, capillary density, and endurance capacity in wild type mice, compared to *Atg6* (*Atg6*^+/−^) heterozygous mice ([@b32-bmb-52-064]). This result strongly suggests that enhancement of basal autophagy flux might play an essential role in skeletal muscle adaptation and in physical performance enhancement upon endurance exercise training ([Fig. 3](#f3-bmb-52-064){ref-type="fig"}).

The contribution of high-intensity interval training than continuous moderate-intensity training has been related with improved autophagic adaptation in rat cardiac muscles ([@b33-bmb-52-064]) and skeletal muscles ([@b34-bmb-52-064]). Cytotoxic processes caused by autophagy deficiency is cell-type specific in mice. Ubiquitin- and LC3-binding protein p62 accumulation induced liver injury in *Atg7^F/F^* mutant mice by controlling cytoplasmic inclusion body formation ([@b35-bmb-52-064]). Long-term resistance exercise training increases maximal capacity carrying lead weights through p62-mediated autophagy activity in chloroquine-induced rat myopathy ([@b36-bmb-52-064]). The results present the therapeutic possibility that long-term resistance exercise training has a role in muscle-related disease conditions, where it might be used to improve muscle function and strength by promoting autophagy activity.

MUSCLE AGING AND AUTOPHAGY
==========================

Aging accelerates skeletal muscle loss, called sarcopenia. Since skeletal muscle manages not only physical activity, but also metabolism, circulation and cognition, sarcopenia threatens a healthy lifespan. With society aging worldwide, the prevalence of sarcopenia increases the urgent need to establish prevention and intervention strategies.

In agreement with a protective role of autophagy during skeletal muscle aging, several findings have indicated that autophagy becomes progressively dysfunctional in aging muscles of rodents and humans. A couple of mechanisms contribute to the progressive age-related decline of autophagy formation in rodents, including decreased autophagy gene expression and lower autophagy levels ([@b37-bmb-52-064]). Perrimon ([@b38-bmb-52-064]) suggested that preserving autophagy during skeletal muscle aging protects flies from developing age-related skeletal muscle dysfunction and extends lifespan via the FoxO/4E-BP signaling pathway.

Resistance exercise training has been known to effectively increase muscle mass, while more efficient protein synthesis was seen in younger age groups than in older adults ([@b39-bmb-52-064]), with increased activation of key proteins such as mTOR, S6K, 4E-BP, and ERK1/2 in protein anabolic pathways. Moreover, acute resistance exercise exerted the same effects on muscle protein degradation and autophagy activation in younger and older adults ([@b40-bmb-52-064]). Results of studies on autophagy induction in skeletal muscle during aging have yielded contradictory results. Autophagy induction was increased in some studies ([@b41-bmb-52-064], [@b42-bmb-52-064]), and decreased in others ([@b43-bmb-52-064], [@b44-bmb-52-064]), even though autophagy activity was decreased with aging in invertebrates and higher organisms ([@b45-bmb-52-064]). However, a recent investigation implicated dysregulation of autophagy as a critical inducer of sarcopenia ([@b46-bmb-52-064]). Many studies have suggested that exercise training activates the autophagy pathway, leading to increased muscle mass and function.

EXERCISE EFFECT ON MUSCLE AGING
===============================

Chronic resistance exercise training has been reported to induce beneficial effects on aged skeletal muscle to improve muscle strength and reduce muscle loss via activation of autophagy ([@b47-bmb-52-064]). Nine weeks of resistant exercise training increased autophagy activity, IGF-1/IGF-1R expression, AMPK expression, and the phosphorylation of AMPK and FOXO3a, but inhibited the phosphorylation of Akt and mTOR, and the activity of caspase 3 associated with apoptosis. LC3-II/LC3-I ratio and p62 protein levels were reduced, while expression of beclin-1, Atg5/12, and Atg7 were increased. Interestingly, the increased expression levels of IGF-1/IGF-1R induced by chronic resistance exercise may contribute to proliferation of satellite cells and inhibition of apoptosis. Atg7 and beclin-1 expression were decreased with aging in extensor digitorum longus. Their expression increased after exercise, and muscle mass was also increased in the gastrocnemius muscle of old trained mice ([@b48-bmb-52-064]).

In addition to identification of autophagic molecular impact on skeletal muscle aging, several physiological effects of exercises have been examined. Long-term voluntary resistance exercise in mid-life (15 months in mice) enhanced the autophagy pathway and suppressed sarcopenic phenotype in hindlimb mouse muscle, and caused soleus muscle hypertrophy, compared with same age sedentary controls ([@b49-bmb-52-064]). Exercise training coupled with spermidine treatment suppresses skeletal muscle atrophy by improving autophagy in the aging rat model ([@b50-bmb-52-064]). Moreover, acute exercise activates the autophagy pathway and increases insulin sensitivity in skeletal muscles of old mice ([@b51-bmb-52-064]). Both endurance and resistance exercise may prevent age-related muscle wasting and be a therapeutic intervention for sarcopenia through improvement of autophagy.

Recent studies have revealed that exercise-induced autophagy activation in skeletal muscle depends on its intensity and duration. Endurance exercise induces metabolic adaptation in muscles, while resistance exercise increases muscle mass. However, the involvement of autophagy activation in fiber type switching is not clear in the endurance exercise. Experimental results have not shown whether endurance exercise induces satellite cell activation through the autophagic pathway. It is clear that animal models for resistance exercise, rather than endurance exercise need to be established. Even though most experiments described here have been carried out in the autophagy deficient models, many questions remain. Is autophagy activation induced by endurance or resistance exercise always beneficial? If not, what mechanism regulates it? Additional studies of exercise-induced autophagic effects on muscle performance in animals and humans will help provide answers to these questions. Taken together, autophagy has emerged as a new and potent modulator of muscle-related disease progression, that is both scientifically intriguing and clinically relevant.

CONCLUSION
==========

Autophagy activation by exercise has been found to enhance muscle performance and improve sarcopenic phenotype. The autophagy response plays critical roles in the differentiation of satellite cells, increase in muscle mass, and adaptation in old age. The reactions take place in long-term and acute modes, with and without transcription activation, respectively. Exercise-induced autophagy could be a target of sarcopenia treatment, whereas autophagy activation by caloric restriction or oxidative stress might not be beneficial for skeletal muscle homeostasis. The catabolic pathways outweigh the anabolic process with aging. mTOR inhibits autophagy induction, but activates muscle protein synthesis. FoxO induces not only autophagy, but also the ubiquitin-proteasome system. The IGF-Akt-mTOR signaling axis negatively regulates FoxO. Moreover, AMPK triggers autophagy through inhibition of mTOR in a FoxO-dependent or -independent manner ([@b52-bmb-52-064], [@b53-bmb-52-064]). Thus ubiquitin-dependent proteolysis by atrogin-1 and MuRF-1 and mTOR-dependent biosynthesis should be considered as therapeutic interventions for autophagy activation in old age. The complete regulation networks of AMPK-mTOR-FoxO must be considered because excessive activation of autophagy deteriorates skeletal muscle mass ([@b54-bmb-52-064]). Microautophagy and chaperone-mediated autophagy are also important because of the pathways connected to and metabolic substrates shared with autophagy.
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![Age-related autophagy and muscle degeneration in skeletal muscle. Autophagy normally functions as a physiological process to degrade cytoplasmic aggregates, or organelles. Aging in skeletal muscle can result in an imbalance of muscle mass and strength. Not only autophagy defect is closely linked to the loss of muscle in aging, but muscle degeneration with aging results from decreases in both number and size of muscle fibers.](bmb-52-064f1){#f1-bmb-52-064}

![Molecular mechanism of autophagy induction by exercise in skeletal muscle. Nutrient depletion and low energy are well established autophagy inducers. Both mTORC1 inhibition and AMPK activation regulate the Ulk1 complex through a series of phosphorylation events leading to form a sequestering membrane called phagophore. LC3 conjugates to the sequestering membrane and controls the elongation of the phagophore, in which cytoplasmic organelles such as mitochondria and endoplasmic reticulum and aggregated proteins are occupied. PINK1-parkin complex and Bnip factors are required for removal of dysfuncional mitochondria. At the end of elongation, sequestering membrane closes and results in the formation of a double-membrane vesicle, autophagosome. Lysosomes ultimately fuse with autophagosomes releasing lysosomal hydrolases into the vesicle resulting in the degradation of its contents. An imperfect autophagy may contribute to the abnormal clearance of intracellular aggregates in skeletal muscle aging and lead to muscle loss. Endurance exercise-induced AMPK activation initiates autophagy induction. Upregulation of the early stage-initiating enzyme ATG7 by endurance exercise increases autophagy flux, thereby enhancing muscle performance. On the other hand, speculatively, the acute exercise might stimulate protein translation via mTORC1, thereby increasing muscle mass (broken arrow). However, the association between the acute exercise and autophagy formation needs further investigations in vivo.](bmb-52-064f2){#f2-bmb-52-064}

![Role of autophagy in skeletal muscle performance. Autophagy might carry out basic functions such as component recycling and energy support in skeletal muscle. Aging inhibits autophagy formation in skeletal muscle through multiple factors such as accumulation of misfolded proteins or dysfunctional mitochondria. In order to repair muscle damage, the exercise is required to induce autophagy, which results satellite cell activation, muscle mass maintenance, fiber type switching, and muscle adaptation. Autophagy formation might be beneficial event for the muscle performance through regeneration and remodeling in skeletal muscle.](bmb-52-064f3){#f3-bmb-52-064}
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